Plant growth and development are strongly dependent on sink-source interactions. In the majority of plants, sucrose (Suc) is the dominant form in which photo-assimilate is transported from source to sinks. Although the effects of Suc on photosynthetic metabolism have been intensively studied, the effect of Suc supply on metabolism in sink organs has received relatively little attention. For this reason, we performed a detailed characterization of the metabolism of potato (Solanum tuberosum) plants in which the Suc supply to the tuber was restricted by genetic or environmental perturbation. These characterizations revealed a clear inverse relationship between the levels of Suc and free amino acids. When data obtained from this study were considered alongside our previous work, a negative correlation between tuber Suc and amino acid content became apparent. Analysis of the transcript levels of key enzymes involved in amino acid biosynthesis revealed that several of these were increased under these conditions. Taken together, these data strongly suggest that Suc regulates amino acid biosynthesis in storage tissues such as potato tubers, most probably at the level of transcription.
Suc represents the major form of translocated carbon in most plant species. Much research effort has been expended on characterizing the proteins responsible for the transfer of Suc from photosynthetically active tissues into the phloem (Giaquinta, 1983; Riesmeier et al., 1993a; Turgeon, 1996; Bush, 1999) and processes driving the phloem transport step (Canny, 1995; Ohrlich, 1998; Henton et al., 2002) . Furthermore, considerable attention has been paid to defining the mechanisms underlying the unloading of Suc from the phloem in heterotrophic tissues (Patrick, 1997; Oparka and Cruz, 2000; Kü hn et al., 2003) .
Complementary DNAs encoding the transporter were initially isolated from spinach (Spinacia oleracea; SoSUT1; Riesmeier et al., 1992) and potato (Solanum tuberosum; StSUT1; Riesmeier et al., 1993b) and have been subsequently isolated from a wide of other plant species including Arabidopsis (AtSUC1; Sauer and Stolz, 1994), Plantago major (PmSUC2; Gahrtz et al., 1994) , Ricinus communis (RcSUC1; Weig and Komor, 1996) , rice (Oryza sativa; OsSUT1; Hirose et al., 1997) , and tobacco (Nicotiana tabacum; NtSUT1; Burkle et al., 1998) . Persuasive evidence that SUT1 class transporters function as Suc:proton symporters was provided by elegant electrophysiology experiments in which StSUT1and AtSUC1 were independently expressed in Xenopus oocytes (Boorer et al., 1996; Zhou et al., 1997) .
Data from the above studies complemented compelling in vivo evidence suggesting a role for the SUT1 protein within phloem loading (Riesmeier et al., 1993b) . Proof for this involvement was provided by the analysis of transgenic plants in which the expression of SUT1 in either tobacco or potato was constitutively reduced using antisense technology (Riesmeier et al., 1994; Burkle et al., 1998) . Transgenics of both species were characterized by a massive accumulation of leaf carbohydrates and a curled, bleached leaf phenotype. Furthermore, the reduction of Suc export capacity resulted in a dramatic influence on the development of sink tissues, with both species exhibiting impaired root development, potato lines being characterized by a reduced tuber yield, and tobacco lines displaying a much delayed flowering. In a more recent study, a tDNA insertional mutation of SUC2, a phloem-specific Suc transporter of Arabidopsis, was observed to result in stunted growth, retarded development, and sterility (Gottwald et al., 2000) .
Despite the large amount of research effort spent on the cloning, localization, and functional characterization of Suc transporters in higher plants, most reverse genetic approaches address the effects that the limitation of source export has on the leaves with relatively few studies concerned with Suc limitation of sink metabolism. Two exceptions to this are the use of transgenic plants impaired in their Suc transporter activity to address the question whether sink metabolism is source or sink limited (Sweetlove et al., 1998) and the overexpression of the potato Suc transport StSUT1 in pea (Pisum sativum) under the control of a seed-specific promoter (Rosche et al., 2002) . In the same way, it was demonstrated that modulating the diurnal supply of Suc to the tuber by antisense repression of the triose phosphate transporter (Riesmeier et al., 1993) can have profound effects on the growth of sink organs (Kehr et al., 1998) .
In this paper, we use metabolic profiling to perform a detailed characterization of alterations in metabolism that occur on the modification of the rate of Suc supply to a model heterotrophic organ, namely the potato tuber. To this end, we followed three independent approaches to modulate the Suc supply, exploiting previously generated transgenic lines in which the expression of the major Suc transporter (SUT1) was repressed by antisense inhibition (Riesmeier et al., 1994) , growth of plants under different light qualities, and the feeding of various concentrations of Suc to the tuber via the stolon. We were able to demonstrate a clear link between the tuber Suc content and certain amino acid levels. Analysis of transcripts of key enzymes of amino acid biosynthesis strongly suggests that the increase of amino acids under conditions where Suc supply is limited is regulated at the transcriptional level. Taken together, these results strongly implicate Suc as a key regulator of amino acid biosynthesis in potato tubers.
RESULTS

Manipulation of Suc Import into the Potato Tuber. Description of the Biological Systems
As described above, the aim of this study was to gain insight into the effects of altering the Suc supply to storage organ metabolism. We decided to concentrate this study on the potato tuber, due to the previous comprehensive experience of our group concerning this system, and to take three different approaches to modulate the Suc supply. As a first experiment, we decided to evaluate Suc content in the various experimental systems that we planned to study. For this reason, we grew transgenic potato plants, which have previously been characterized, to exhibit constitutively repressed expression of the Suc transporter SUT1 (Riesmeier et al., 1994) and harvested samples both from source leaves and from developing tubers. After having confirmed by RNAblot analysis that the expression of SUT1 was reduced in the transformants and that the visible phenotype of these transformants was in accordance with that reported in previous studies (Riesmeier et al., 1994; Kü hn et al., 1999) we determined the Suc concentration of the transgenics. As would be expected, the transformants exhibited an increased leaf Suc content (Fig. 1A) and a decreased tuber Suc content (Fig. 1B) . As a second approach, we also grew wild-type potato plants in controlled environment growth cabinets in which the applied light regime was identical with the exception of the light intensity (which was set at 300, 600, and 750 E) and harvested samples from tubers of the same developmental age. Although there was little change in the Suc content of tubers grown at 600 and 750 E, those grown at 300 E contained considerably less Suc than those grown at higher light intensities (Fig. 1C) . Given that both manipulations we have described so far may result in pleiotropic effects in the source and sink tissues, we decided to adopt a more direct approach to elevate the supply of Suc to the tuber. To achieve this, we cut the stolon attaching the tuber to the mother plant and placed its cut end in water or 20, 200, and 500 mm Suc for a period of 24 h. Parallel experiments using radiolabeled Suc indicated that this method resulted in proportional influxes and accumulation of Suc into the potato tuber (the level of 14 C recovered in equivalent sized tuber samples incubated in 20, 50, or 200 Figure 1 . Effect of genetic and environmental perturbations on Suc content. Transformant and wild-type potato plants were grown in the greenhouse in 3.5-L pots. The Suc content was determined in either leaf tissue harvested after 6 weeks of growth from fully expanded source leaves (A) or tuber tissue from developing tubers after 10 weeks of growth (B). In a separate experiment, wild-type plants were grown in controlled environment growth chambers under different light intensities, tuber tissue from developing tubers after 10 weeks of growth, and the Suc content was determined (C). Data represent the mean Ϯ SE of determinations on six individual plants per line/condition. mm 14 C-Suc was 37.4, 51.6, and 92.4 KBq, respectively; in each case, only 5%-7% of the 14 C was recovered in substances other than Suc). Having established that the levels of Suc were altered in all three experimental systems, we argue that they are valid for further study.
Tubers of Transgenic Plants Displaying a Reduced Suc Transporter Expression Display Significant Increases in Amino Acids
The levels of amino acids, Krebs cycle intermediates, sugars, sugar alcohols, and several representative compounds of secondary metabolism were analyzed using a gas chromatography (GC)-mass spectrometry (MS) protocol, in the same samples that were used for the Suc determinations presented in Figure 1 . The data are presented at http:// www.mpimp-golm.mpg.de. In total, the relative levels of more than 60 molecules of known chemical structure were determined. A substantial number of these metabolites were altered in the transgenic lines the most notable being a general increase in amino acids including Ala, Arg, Asn, Gln, Gly, Ser, Thr, and Val and in the Krebs cycle intermediates citrate and isocitrate. Minor changes were also observed in Asp, ␤-Ala, and Pro and in the secondary metabolites shikimate and a reduction in sugars such as Gal, Man, and raffinose. The increase in the level of certain amino acid pools in parallel to the decrease in Suc is also reflected on the total amino acid content (42.8 Ϯ 3.2, 46.2 Ϯ 5.1, 47.4 Ϯ 2.1, and 53.4 Ϯ 4.2 mol g fresh weight Ϫ1 for wild type, SUT-34, SUT-13, and SUT-5, respectively) coincident to the decrease in Suc levels. Although the data seem to be in agreement with out previous suggestions that the amount of Suc in tubers regulates their amino acid contents (Roessner et al., 2001a (Roessner et al., , 2001b , it remains possible that the changes in amino acid levels may merely reflect changes in the levels of these metabolites in the leaves. To distinguish between these possibilities, we profiled the metabolite levels in the leaves of the wild-type and transgenic lines (again presented at http://www.mpimp-golm.mpg.de). Although many changes were observed in the levels of the organic and amino acid pools, the pattern of change in the leaf was not the same as that observed in tubers, indicating that the changes in tuber metabolism were unlikely to be overly influenced by changes in leaf metabolism.
Metabolite Contents of Tubers Harvested from Plants Grown under Different Light Intensities
The data obtained from the transgenic plants impaired in the expression of the Suc transporter strongly suggest that reduction in tuber Suc content lead to an increase in the levels of certain amino acids. However, these changes may be due to indirect effects resulting from the long-term adaptation of the transgenics to what constitutes a dramatic morphological change. For this reason, we decided to test this hypothesis further by evaluating the effect on the tuber metabolism of modifying growth conditions of wild-type plants. As mentioned earlier, we observed a clear trend of increasing tuber Suc content in plants grown continuously under conditions of increasing light intensity. We studied the levels of other metabolites in these samples to determine if metabolite pool sizes differed in instances where the level of tuber Suc was only slightly reduced. We paid particular attention to amino acid biosynthesis (Fig. 2) ; however, the full data set obtained from the metabolic profiling of these samples can be accessed at http://www.mpimp-golm.mpg.de. Intriguingly, under conditions in which the tuber Suc content is significantly lower, there is an increase in the level of most amino acids. In particular, there are between 2-and 4-fold increases in the levels of Ala, Asn, ␤-Ala, Gln, Gly, homo-Ser, 5-oxo-Pro, Orn, Ser, Thr, and Val (metabolites that were found to increase to a similar magnitude in the antisense lines). In addition, there were relatively large changes in the contents of Ile, Leu, and Met, which were relatively unchanged in the transformants. That said, the general pattern of change is remarkable conserved between the two approaches. In effect, we can essentially mirror the results obtained from the Suc transporter antisense tubers by elevating the Suc supply environmentally. We also have recently demonstrated that potato plants heterologously expressing a Suc transporter from spinach (SoSUT1; Riesmeier et al., 1993b) and, consequently, exhibiting elevated Suc content, were characterized by a reduced amino acid content (Leggewie et al., 2003) .
Direct Manipulation of Suc Supply to the Stolon
Although we managed minor manipulations in tuber sugar content, we did not want to overly stress the plants by varying the light intensities over two broad a range because it is clear that very high light intensities would lead to photoinhibition (Long et al., 1994) , whereas very low light intensities would preclude tuber initiation (Burton 1989; Fernie and Willmitzer, 2001 ). Furthermore, despite performing a detailed analysis of leaf metabolism, we cannot rule out that some of the effects seen in the transgenic tubers are somehow pleiotropic to effects on leaf metabolism. For these reasons, we decided to study the effect of perturbing the Suc supply in isolated tubers. To achieve this, we cut the stolon attaching the tuber to the mother plant and placed the cut end of the stolon in water or 20, 200, and 500 mm Suc. After 24 h of incubation, we rapidly harvested tissue from defined areas along the stolon apex axis of the potato tuber and determined the levels of metabolites by GC-MS ( Fig. 3 ; http://www.mpimp-golm.mpg. de). Even the supply of relatively low concentrations of Suc caused a large decrease in the amino acid content; however, the restriction of amino acid biosynthesis was progressively heightened under higher concentrations. Notably, the metabolites Glu, Ser, and Thr decreased markedly (these metabolites had increased sharply in the transgenic lines exhibiting reduced Suc import), and the amino acids ␤-Ala, Cys, Orn, Pro, and Tyr (these metabolites had also in- Relative tuber amino acid levels of potato plants grown under different light conditions. Metabolites were determined as described in "Materials and Methods" from plants grown under low (300 E, white bar), medium (600 E, gray bar), or high (750 E, black bar) light intensities. Data are normalized to the mean response calculated for the 600-E light intensity samples (to allow statistical assessment, individual samples from this set of plants were normalized in the same way). Values presented are mean Ϯ SE of determinations on six individual plants. creased in lines in which the Suc supply was altered by changing the light conditions). Most interestingly, Arg, Tyr, and Val were dramatically altered under every condition in which the Suc content was altered. It is important to note that although these metabolites showed a negative correlation to Suc, they have shown no clear trend with respect to the levels of Glc, Fru, or any other sugar.
The data obtained from three different systems displaying an altered Suc level in tubers strongly suggest a negative correlation between Suc concentration and amino acid content. To test the generality of this conclusion, we took advantage of the large data set we have accumulated during research on carbon metabolism in the potato tuber (Fig. 4) . There is a strong negative correlation between the Suc and amino acid content (r 2 ϭ 0.70) in the various transgenic lines, suggesting a strong linkage between Suc content and amino acid content. This relationship is conserved in instances in which the Suc level is reduced with respect to wild type (Trethewey et al., 1998 (Trethewey et al., , 1999 Fernie et al., 2002b ) and when it is increased with respect to wild type (Trethewey et al., 1999; Fernie et al., 2001a Fernie et al., , 2002a . Furthermore, it is maintained in lines that display a modified level of Suc but unaltered levels of other sugars (Fernie et al., 2002b) .
Assessment of the Transcriptional Regulation of Amino Acid Biosynthesis within the Transgenic Lines
To see whether or not the increase in certain amino acids is at least partly reflected on the expression level of the genes of key enzymes of their biosynthetic pathways, we performed a series of RNA-blot experiments. The level of SUT1 transcript was reduced in the tuber (Fig. 5A) ; however, not to as great an extent as has been observed previously in the leaf (Riesmeier et al., 1994) . It is also important to note that the SUT transcript level in the tuber does not absolutely correlate with the tuber Suc level (see Fig.  1 ). The transcription of Gln synthetase, which has previously been shown to be induced in Arabidopsis seedlings grown in the presence of abundant Suc (Oliveira and Coruzzi, 1999), was markedly enhanced in the transgenic lines (Fig. 5E ) in which Suc content is decreased. Interestingly, the transcription of NADH Glu synthase, the isoform of this enzyme that is most abundant in sink tissues (Lancien et al., 2000) , was also enhanced in these lines (Fig. 5F ). There have been no reports of Suc repression of NADH Glu synthase expression to date; however, the ferredoxin-dependent isoform of Arabidopsis leaf is conversely Suc inducible (Coschigano et al., 1998) . Furthermore, the transcript levels of one isoform of Asp aminotransferase, the enzyme that converts asparagines to Asp, was dramatically induced in the transformants (Fig. 5G) . For practical reasons, we did not investigate further isoforms of the enzyme; however, because the five functionally identified isoforms of Arabidopsis have been demonstrated to exhibit a high level of functional redundancy (Schultz et al., 1998), we believe that the result presented here is most probably representative of other possible potato Asp amino transferases. The transcript levels of Asp kinase, a key enzyme in the synthesis of Leu, Ile, Thr, and Met (Azevedo, 2002), also increased markedly in the transgenic lines, which is consistent with the changes in the metabolite levels of this pathway (Fig. 5C ). Several attempts to measure the level of dihydrodipicolinate synthase, the key enzyme of Lys biosynthesis (Galili, 2002), revealed no major changes in the transcript level of this enzyme (data not shown); however, it should be noted that the transcript is only present at the level of detection. However, the transcription of Trp synthase was markedly enhanced in line SUT-13 (Fig. 5B) . Conversely, the transcription of Pro-5-carboxylate reductase, the final enzyme in the Pro biosynthetic pathway, is repressed in the transgenic lines (Fig. 5I ), correlating with the reduced level of Pro in tubers from lines SUT-34 and SUT-13 but strangely not with the level of Pro in line SUT-5.
DISCUSSION
Genetic and Environmental Manipulation of Levels of Suc within the Potato Tuber Are Accompanied by Opposing Changes in the Levels of Amino Acids
The main objective of this study was to analyze the influence of changes in the level of Suc on storage sink metabolism using the potato tuber as a model system. To approach this problem, we applied three different biological manipulations targeted at modifying the content of the disaccharide-transgenic lines exhibiting a constitutive repression of the major Suc transporter, wild-type plants grown under different light qualities, and detached wild-type tubers that were fed with varying amounts of Suc through the stolon. All three manipulations produced the desired changes in Suc content, confirming their suitability for use in this study.
The most important observation made, irrespective of the experimental system, was the increase of specific amino acids under conditions of decreased supply of Suc to the tuber (and the increase of the same amino acids under conditions of increased Suc supply). Although in principle the increase in amino acids could be mediated by increased uptake from the leaf tissues mediated via one of the many amino acid transporters identified in plants (for example, see Ortiz-Lopez et al., 2000; Fischer et al., 2002) , this seems unlikely for a number of reasons. The pattern of change in the amino acid levels does not correspond with that observed in the leaves. For example Ser, Val, and Ala all significantly increase in the tuber but are unaltered in the leaf. Furthermore, the levels of organic acid intermediates in the pathway between Suc and amino acids are also elevated in the tubers. Moreover, the total level of amino acids is enhanced in many transgenic lines in which the Suc level is depressed and reduced in many transgenic lines in which the Suc level is increased (see Fig. 4) . Following a similar line of thought, the metabolic profile of the SUT tubers is broadly similar to those of a range of transgenics expressing a more efficient pathway of Suc catabolism in a tuber-specific manner (Roessner et al., 2001a (Roessner et al., , 2001b . However, perhaps the most important evidence that the changes are the result of perturbation of tuber metabolism per se is provided by the fact that environmental manipulation of Suc content in the tuber had qualitatively similar effects on amino acid biosynthesis. Varying the light intensity and the experiments in which Suc was fed through the stolon both resulted in altered Suc content and the corresponding change in amino acid contents: low light enhancing amino acid synthesis in the tuber, whereas high Suc supply strongly inhibited these pathways. When taken together, we believe that these observations allow us to exclude the possibility that these changes are merely reflections of changes that occur in the leaves and subsequently transported to the tuber.
That such a large number of metabolites change in both leaves and tubers of the transgenics was somewhat surprising with glycolysis seemingly elevated in both tissues. Although it is easy to rationalize the benefits of enhancing glycolysis and amino acid biosynthesis in carbohydrate-replete conditions, and the results of many studies of photosynthetic metabolism have revealed tight positive correlations between high carbohydrate contents, high glycolytic rates, and high amino acid levels (for example, see Krapp and Stitt, 1994, 1995; Matt et al., 1998; Morcuende et al., 1998) , this is considerably more difficult in conditions where the availability of carbohydrate is limited. One possibility that has been postulated to explain the dramatic increase of amino acids in tubers cytosolically expressing invertase or Suc phosphorylase is that the synthesis of amino acids is a mechanism to compensate for the low Suc and meet the requirement for cellular osmoticum (Hare et al., 1998; Trethewey et al., 1999; Fernie et al., 2002b) . In keeping with this hypothesis, it is interesting to note that there is also a significant increase in sugar alcohol content in the SUT tubers, similar to that also observed in tubers cytosolically expressing invertase or Suc phosphorylase (Roessner et al., 2001a) . Moreover, both the absolute cellular levels and the subcellular concentrations of these metabolites are consistent with Suc and amino acids being the principal osmolytes of tuber storage parenchyma (Farré et al., 2001) . Interestingly, these authors showed that despite the fact that the majority of the Suc is compartmented in the vacuole, its estimated subcellular concentration is remarkably similar between the cytosol and vacuole.
If the increase in amino acids is to maintain cellular osmoticum, the question remains as to whether the amino acids are synthesized de novo (which would cost carbon) or are merely generated by the degradation of proteins (which would not). Intriguingly, both transgenic (Trethewey et al., 1999; Fernie et al., 2002b) and diurnal (Geigenberger and Stitt, 2000) variation of tuber Suc levels has revealed previously that low Suc correlates with a reduced rate of starch synthesis but a largely unaltered rate of protein synthesis. In keeping with these findings, the results of a previous study demonstrated that the increase in every amino acid in tubers of transformants in which transgene expression is driven by a tissue-specific promoter (and in which no changes were observed in the amino acid in the leaves) demonstrated that the tuber contained all the biosynthetic machinery required for de novo biosynthesis. Further evidence that this is the case was provided by the demonstration that short-term incubations of isolated tuber discs in various carbon sources resulted in elevated amino acids (Roessner et al., 2001b) and that nitrate treatment of potato tubers resulted in a large increase in tuber amino acids (Mack and Schjoerring, 2002) . Although we cannot directly exclude the possibility that protein degradation meets some of the demand for amino acids, it is clearly not a large provider of these metabolites. First, the level of protein is unaltered in the transgenics-a fact that was somewhat surprising given the fact that Suc stimulates expression of patatin. However, such a lack of change was previously observed in both the invertase (Trethewey et al., 1999) and Suc phosphorylase plants (Fernie et al., 2002b) . The rate of protein synthesis is also unaltered in the lines studied here (T. Czechowski and A.R. Fernie, unpublished data) , indicating that it is unlikely that the rate of protein turnover is altered. Because tuber protein levels are similar in magnitude to the total amino acid pool size (corresponding to approximately 1.8 mg g fresh weight Ϫ1 and 1 mg g fresh weight Ϫ1 , respectively), it is unlikely that changes in protein turnover that are below the level of detection in this experiment could account for the total changes in amino acid content observed in the transgenic lines. Second, as described in detail below, the transcript level of a number of key enzymes of amino acid biosynthesis is elevated in tubers from the transformants. Taking both factors into account, it seems reasonable to postulate that Suc regulates the rate of amino acid biosynthesis per se. Although the availability of stored nitrate in the tuber vacuole most probably affords the necessary nitrate to fuel this biosynthesis, the source of the carbon in conditions in which the supply of photosynthate is limiting is likely come from mobilization of starch.
Given that the results of a recent study suggest that certain amino acid pool sizes are significantly elevated after antisense inhibition of the plastidial isoform of adenylate kinase (Regierer et al., 2002) , most probably as a result of an increase in the level of cellular ATP, we also investigated the adenylate status of tuber material from the transgenic lines. However, we found no differences in the levels of any of the nucleotides or nucleotide sugars (T. Czechowski and A.R. Fernie, unpublished data), leading us to believe that the reasons for the increase in amino acid content are quite different in the current study.
Modifying Suc Import Has Dramatic Effects on Transcription of Enzymes of Amino Acid Biosynthesis
A schematic representation of the metabolic and transcriptional situation observed in the amino acid biosynthetic pathways is presented in Figure 6 . Intriguingly, the pattern of change in metabolite levels is generally, yet not absolutely, mirrored in the level of transcription of key enzymes of amino acid bio- synthesis. Taking these pathway by pathway, the GS/GOGAT pathway (Fig. 6A) shows some correlation, with the increased level of Gln corresponding to an elevated transcription of both Gln synthase and Asp aminotransferase. In keeping with the elevated expression of Asp aminotransferase, the level of Asn increased in the antisense lines (however, that of Asp was unchanged, similar despite an increased in NADH-dependent Glu synthetase expression the levels of Glu were unaltered). In the Asp pathway (Fig.  6B) , the transcript level of Asp kinase was elevated in the transgenics, whereas that of dihydropicolinate synthase was unchanged, consistent with these expression patterns the levels of Thr, Ile, and Met were elevated in these lines, and the level of Lys was stable. Other examples of these correlations are provided by analyses of the final steps of the Trp and Pro biosynthetic pathways (Fig. 6 , C and D)-with the levels of both Trp synthase mRNA and Trp increasing in the transgenics and levels of Pro 5-carboxylate reductase and Pro decreasing.
In summary, we have used multiparallel metabolite analysis in conjuncture with transcript analyses and experimental manipulation of Suc levels to investigate the method of regulation of amino acid biosynthesis within the potato. The results of this study illustrate that the regulatory role that Suc plays in amino acid biosynthesis in sink tissues differs appreciably from that described previously in source tissues. We conclude that Suc coordinately inhibits amino acid biosynthesis within the tuber, most probably at the level of transcription of the key enzymes of the pathways concerned.
MATERIALS AND METHODS
Plant Material
Potato (Solanum tuberosum L. cv Desiree) was supplied by Saatzucht Lange AG (Bad Schwartau, Germany). The generation of transgenic lines exhibiting constitutive repression of the Suc transporter SUT1 has been described previously (Riesmeier et al., 1994) . Plants were maintained in tissue culture with a 16-h-light, 8-h-dark regime on Murashige and Skoog medium (Murashige and Skoog, 1962) , which contained 2% (w/v) Suc. Unless otherwise stated, plants were grown in the greenhouse under the same light regime with a minimum of 250 mol photons m Ϫ2 s Ϫ1 at 22°C. Developing tubers (over 10 g fresh weight) were harvested, 6 h into the light period, from healthy 10-week old plants, whereas leaf samples were taken 6 h into the light period from mature fully developed leaves of 6-week-old plants.
Chemicals
The starch determination kit and biochemical enzymes were purchased from Boehringer Mannheim (Mannheim, Germany). All other chemicals were purchased from Sigma (St. Louis) or Merck (Damstadt, Germany).
Biochemical Analysis
Tuber slices were rapidly frozen in liquid N 2 and were extracted in trichloroacetic acid or ethanol extracts as described previously (Fernie et al., 2001b) . Because water and protein content of the tubers were not significantly altered in the transgenic lines, all data are expressed on a gram per fresh weight basis. Starch, sugars, and glycolytic metabolites were determined spectrophotometrically as described by Fernie et al. (2001b) . Recoveries of metabolites in the trichloroacetic acid extracts throughout the extraction, storage, and assay procedure have been documented previously (Sweetlove et al., 1996; Fernie et al., 2001b) .
Feeding of Suc via the Stolon Wild-Type Potato Tubers
Equivalent tubers of rapidly growing plants that had just started to flower were cut from the plant by severing the stolon with a sharp razor (Geiger et al., 1998 ). The cut end was then submerged in water and cut again 2 to 3 mm closer to the tuber to circumvent the occurrence of embolism. The cut end was then placed in a solution containing 20, 50, or 200 mm Suc for 24 h. To assess the rate of uptake of Suc replicate, incubations were carried out in [U-
14 C]Suc (specific activity 7 MBq mol Ϫ1 ). All incubations took place at the same time in the same room and at the same temperature and humidity. After the incubation, a concentric core (10 mm) was taken surrounding the stolon-apex axis was taken. Single discs (2 mm thick) were then cut from this core at both stolon and apex ends of the tuber and from the middle of the tuber. The metabolites in the non-labeled experiments were then analyzed as described by Roessner et al. (2001a) .
GC-MS
GC-MS was carried out on tuber and leaf tissue exactly as described by Roessner et al. (2000) and Lytovchenko et al. (2002) , respectively. Data are normalized to the mean response calculated for the wild type of each measure batch as described by Roessner et al. (2001a) .
HPLC
HPLC was carried out on trichloroacetic acid extracts of potato tuber to determine the adenylate and uridinlylate contents exactly as described by Regierer et al. (2002) .
Extraction of RNA and Northern-Blot Analysis
Total RNA was isolated from 2g fresh weight of tuber tissue as described by Logemann et al. (1987) . Standard conditions were used for the transfer of RNA to membranes. Hybridization to the Suc transporter SoSUT1 (Riesmeier et al., 1994) was preformed with standard conditions (Sambrook et al., 1989) . For checking transcript level of selected enzymes, the membranes were hybridized with tomato expressed sequence tag (EST) from the Clemson State University collection. For the probes, we used the following ESTs: Asp kinase (accession no. BE353821), Trp synthase (accession no. AW625162), Asp aminotransferase (accession no. AI484604), dihydropicolinate synthase (accession no. AW623776), Gln synthetase (accession no. BG129590), NADH-dependent Glu synthase (accession no. BE449812), and pyrroline-5-carboxylate reductase (accession no. AI485470). Because the source of the EST probes was a heterologous system, the temperature of hybridization was reduced to 60°C.
Statistical Analysis of Data
The Student's t tests were performed using the algorithm incorporated into Microsoft Excel (Microsoft, Redmond, WA). The word significant is used in the text solely when the change in question has been confirmed to be statistically significant (P Ͻ 0.05) with the Student's t test.
